Abstract.-In molecular phylogenetic studies, a major aspect of experimental design concerns the choice of markers and taxa. Although previous studies have investigated the phylogenetic performance of different genes and the effectiveness of increasing taxon sampling, their conclusions are partly contradictory, probably because they are highly context specific and dependent on the group of organisms used in each study. Goldman introduced a method for experimental design in phylogenetics based on the expected information to be gained that has barely been used in practice. Here we use this method to explore the phylogenetic utility of mitochondrial (mt) genes, mt genomes, and nuclear rag1 for studies of the systematics of caecilian amphibians, as well as the effect of taxon addition on the stabilization of a controversial branch of the tree. Overall phylogenetic information estimates per gene, specific estimates per branch of the tree, estimates for combined (mitogenomic) data sets, and estimates as a hypothetical new taxon is added to different parts of the caecilian tree are calculated and compared. In general, the most informative data sets are those for mt transfer and ribosomal RNA genes. Our results also show at which positions in the caecilian tree the addition of taxa have the greatest potential to increase phylogenetic information with respect to the controversial relationships of Scolecomorphus, Boulengerula, and all other teresomatan caecilians. These positions are, as intuitively expected, mostly (but not all) adjacent to the controversial branch. Generating whole mitogenomic and rag1 data for additional taxa joining the Scolecomorphus branch may be a more efficient strategy than sequencing a similar amount of additional nucleotides spread across the current caecilian taxon sampling. The methodology employed in this study allows an a priori evaluation and testable predictions of the appropriateness of particular experimental designs to solve specific questions at different levels of the caecilian phylogeny. [Experimental design; Gymnophiona; mitochondrial genes; mitochondrial genome; phylogenetic information; rate of evolution; rag1; taxon sampling.]
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In molecular phylogenetics, the favoring of particular genes or genomic regions has reflected the availability of primers, perceived general utility, and the historical legacy of data and alignments that can be expanded, rather than any special demonstration of their appropriateness for a particular phylogenetic question (Cummings and Meyer 2005) . Several empirical studies have investigated the efficacy of some markers in reconstructing phylogeny under various inference frameworks. In particular, studies have compared the performance of different mitochondrial (mt) genes using the mitogenomic (Curole and Kocher 1999) tree as a reference (Cummings et al. 1995; Russo et al. 1996; Zardoya and Meyer 1996; Miya and Nishida 2000; Hardman and Hardman 2006; Mueller 2006) and/or compared, either directly or indirectly, the utility of nuclear and mt genes (Graybeal 1994; Groth and Barrowclough 1999; Springer et al. 2001; San Mauro et al. 2004; Townsend et al. 2008) , or used simulations to explore how rates of molecular evolution influence phylogenetic reconstruction (Yang 1998) . Results have supported some general conclusions, such as the relatively good performance of mt ribosomal genes and poor performance of nad4L, but have not provided universal guidance other than to sample several different genes (e.g., Cummings et al. 1995; Russo et al. 1996; Zardoya and Meyer 1996; Miya and Nishida 2000; Mueller 2006 ). Unsurprisingly perhaps, previous studies have demonstrated that best practice in character sampling is context specific (Russo et al. 1996) and contingent upon taxon sampling, method of analysis, and measures of performance. Goldman (1998; Massingham and Goldman 2000) proposed a general method for constructing efficient sampling designs, on a case-by-case basis, by using a likelihood framework. This approach has almost never been applied to real phylogenetic problems (Goldman 1998; Geuten et al. 2007) , so that its considerable potential for molecular phylogenetics remains largely 426 SYSTEMATIC BIOLOGY VOL. 58 unexplored. Goldman's approach is based on the estimation of Fisher, or expected, information for the likelihood function. Other concepts of "phylogenetic information" have been introduced elsewhere (Ronquist 1996; Thorley et al. 1998; Wilkinson et al. 2004; Gauthier and Lapointe 2007; Townsend 2007; Wägele and Mayer 2007; Cotton and Wilkinson 2008) , but here we use the term information exclusively to mean the "Fisher information" of Goldman (1998) .
Fisher information is easiest to understand in the context of a model with a single parameter, where it is the second derivative (the rate of change of the slope) of the likelihood function with respect to the parameter in question. Evaluated at the maximum-likelihood (ML) value of the parameter, this is known as the observed information, and the negative inverse of the observed information is, asymptotically, the variance of the parameter estimate, and so is used in constructing "support intervals" (approximate confidence intervals) for the ML parameter estimate. The expected value of the information, where the given parameter estimate is assumed to be its true value, is called the expected information. Both the observed information and expected information (evaluated at the ML estimate) are measures of the variance of ML estimates (Efron and Hinkley 1978) . Here, we wish to compare the information conveyed by a set of genes about a particular phylogeny with a view to predicting which loci will be most appropriate for solving similar phylogenetic problems, so we follow Goldman (1998) in employing only the expected information. For more complex models that have more than 1 parameter, the Fisher information is a matrix of partial derivatives, containing information about both the variance and covariances of the likelihood function for each model parameter. Goldman (1998) proposes using the determinant of this matrix as a measure of the information an experiment can provide about all the parameters, which we shall refer to as the total phylogenetic information.
As a tool for experimental design in molecular systematics, the expected information measure has strengths and potential weaknesses. Data only influence the information matrix through the estimates of the tree and model parameters, so the method can easily be used to investigate the effects of differences in the substitution process, such as variation in base composition or in rates across sites, as well as being able to quantify the effect of different levels of divergence and of adding additional taxa (Goldman 1998) . One potential drawback in phylogenetics is that the tree topology is part of the structure of the model (Yang et al. 1995) , rather than a parameter of the model, so the information matrix does not directly estimate the uncertainty in the tree itself, which is the usual aim of molecular systematics. This also means we need to assume a particular tree topology in making information calculations. A final important characteristic of the expected information is that information is calculated per site, so, as long as it is estimated on the same underlying tree, information matrices can be summed across sites and even across partitions, allowing comparisons between different sets of loci even where different loci are evolving under different models.
We recently determined the complete mt genome and partial nuclear rag1 sequences of several caecilian amphibians (Gymnophiona), and used them to infer phylogenetic relationships of families within the group (San Mauro et al. 2004 . We demonstrated the potential of these molecular markers, leading us to suggest (San Mauro et al. 2004 ) that "expanded taxon sampling" was the way forward for additional insights. Here we apply Goldman's methods to critically evaluate our specific recommendation and to illustrate how his approach can be used to develop sampling strategies more generally.
MATERIALS AND METHODS

Taxon Sampling and DNA Sequencing
This study includes 9 species of caecilian amphibians, representing all 6 families recognized by Wilkinson and Nussbaum (2006) . San Mauro et al. (2004) indicated that Caeciliidae (the largest, most diverse, and cosmopolitan caecilian family; see Taylor 1968; Nussbaum and Wilkinson 1989; Wilkinson and Nussbaum 2006) was particularly inadequately represented by a single species, particularly given its paraphyly with respect to the Typhlonectidae (Nussbaum 1979; Hedges et al. 1993; Wilkinson 1997; Wilkinson et al. 2003; Frost et al. 2006; Roelants et al. 2007) , and perhaps also the Scolecomorphidae (Wilkinson et al. 2003; Frost et al. 2006) . Thus, we also include here 3 species that are considered to represent different major caeciliid lineages (Taylor 1968; Wilkinson and Nussbaum 2006) : the East African Boulengerula taitanus, the West African Geotrypetes seraphini, and the South American Siphonops annulatus. The nucleotide sequence of the complete mt genome of S. annulatus was determined by San Mauro et al. (2006) , and those of B. taitanus and G. seraphini were newly determined for this study. A 1509 base pair (bp) long fragment of the nuclear rag1 was also determined for each of these 3 species.
In all cases, total DNA was purified from ethanolpreserved liver with standard phenol/chloroform extraction (Sambrook et al. 1989) , and nucleotide sequences were determined using the primers, conditions, and methods reported by San Mauro et al. (2004) . Details of the species, voucher specimens, and GenBank accession numbers are given in Only for the specimen used to sequence rag1. Collection data for the voucher used to sequence the mt genome are unknown (pet trade).
c Determined for this study. All mt tRNA genes except trnF mtGENOME-NO3
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sequences of mt rrnS (12S) and rrnL (16S) genes were aligned using CLUSTAL X version 1.83 (Thompson et al. 1997 ) with default penalties for gap opening and gap extension, and changed by eye to correct for obvious misalignments. The CLUSTAL alignments were checked against secondary structure models using the VIENNA Webserver for RNA secondary structure prediction and comparison (Hofacker et al. 1994; Hofacker 2003) . Sequences of each mt tRNA gene (except trnF, which is absent in G. ramaswamii; San Mauro et al., 2004) were aligned manually based on inferred cloverleaf secondary structures and concatenated to form a single partition. Deduced amino acid sequences of all 13 mt protein-coding genes were aligned manually against a previous database (San Mauro et al. 2004) , and the alignments imposed upon the corresponding nucleotide sequences (used in all subsequent analyses). Rag1 nucleotide sequences were aligned manually against San Mauro et al.'s (2004) database. In all cases, gaps and alignment ambiguities were excluded from partitions using GBLOCKS version 0.91b (Castresana 2000) with default parameter settings. Caecilian phylogeny was estimated from a combined data set excluding third-codon positions of mt proteincoding genes because transitions were saturated as judged by plots (not shown) of pairwise uncorrected (transition and transversion) differences versus corrected sequence divergence (measured as ML distance). Rooted trees assume the Rhinatrematidae to be the sister group of all other caecilians based on previous molecular (Hedges et al. 1993; San Mauro et al. 2004 Frost et al. 2006; Roelants et al. 2007 ) and morphological (Nussbaum 1977 (Nussbaum , 1979 Wilkinson 1992 Wilkinson , 1996 Wilkinson , 1997 Wilkinson and Nussbaum 1996) data. Phylogeny was estimated using ML (Felsenstein 1981) and Bayesian Inference (BI; . ML analysis was performed with PAUP* version 4.0b10 (Swofford 1998) and RAxML version 7.0.4 (Stamatakis 2006) . PAUP* used heuristic searches with 10 random stepwise addition sequences of taxa and tree bisection and reconnection branch swapping. RAxML used the rapid hill-climbing algorithm (Stamatakis et al. 2007) computing 10 distinct ML trees starting from 10 distinct randomized maximum-parsimony starting trees. BI was performed with MrBayes version 3.1.2 Ronquist and Huelsenbeck 2003) running 4 simultaneous Markov chains for 10 million generations, sampling every 1000 generations, and discarding all samples during a 1 million generation burnin period to reduce dependence on the initial starting point. Adequate convergence of the Bayesian Markov chain Monte Carlo runs was judged by plots of ln L scores and low standard deviation of split frequencies (as implemented in MrBayes), as well as using the convergence diagnostics implemented in the online tool AWTY (Nylander et al. 2008) . Two independent BI runs were performed as an additional check that the chains mixed well and so converged.
Best fit models of nucleotide substitution were identified using the Akaike information criterion (AIC; Akaike 1973) as implemented in Modeltest version 3.7 (Posada and Crandall 1998) . For ML using PAUP*, a single model of nucleotide substitution was selected: general time reversible (GTR; Rodríguez et al. 1990 ) with gamma-distributed among-site rate heterogeneity approximated with 4 categories (Γ 4 ; Yang 1994) and a proportion of invariable sites (I; Reeves 1992). For BI and RAXML, 6 alternative partitioning schemes (of 1, 2, 4, 7, 17, and 32 partitions, respectively; see Supplementary material, Appendix 2) were compared using the AIC, the Bayesian information criterion (Schwarz 1978) , and standard Bayes factors (Nylander et al. 2004 ), as employed in recent studies (McGuire et al. 2007; Li et al. 2008 ). The 7-partition strategy (first codon positions of mt protein-coding genes, second codon positions of mt protein-coding genes, first codon positions of rag1, second codon positions of rag1, third-codon positions of rag1, mt ribosomal genes, and mt tRNA genes) was the preferred for both BI and ML frameworks (see Supplementary material, Appendix 2). For BI, the models employed for each of the 7 partitions were: GTR + Γ 4 + I (first codon positions of mt proteincoding genes), GTR + Γ 4 + I (second codon positions of mt protein-coding genes), GTR + I (first codon positions of rag1), GTR + I (second codon positions of rag1), GTR+Γ 4 (third-codon positions of rag1), GTR+ Γ 4 +I (mt ribosomal genes), and GTR + Γ 4 (mt tRNA genes). In the case of RAxML, the GTR + Γ 4 model was employed for each of the 7 partitions. Support for internal branches was evaluated by non-parametric bootstrapping with 2000 replicates (ML) and posterior probabilities (BI). The combined data alignment used to infer the phylogenetic relationships of caecilians has been placed in TreeBASE under accession number S2403.
Evaluation of Alternative Tree Topologies
Five alternative tree topologies (see Results) were evaluated using parametric bootstrapping (PB ; Efron 1985; Goldman 1993; Huelsenbeck et al. 1996) and the nonparametric approximately unbiased (AU; Shimodaira 2002) test. Each PB was conducted using Paml version 4.2 (Yang 2007 ) with 2000 simulated data sets under 7 independent GTR+Γ 5 models, assigned to the same partitions defined for the BI and RAxML analyses. A Holm-Bonferroni multiple-test correction (Holm 1979 ) was applied to maintain the experimentwise type I error rate at the nominal level of 5%. AU tests were carried out using CONSEL version 0.1i (Shimodaira and Hasegawa 2001) with sitewise log likelihoods calculated by PAML with independent GTR + Γ 5 models assigned to the same partitions used for BI and RA × ML, and 1 million multiscale bootstrap replicates.
Estimation of Phylogenetic Information
Best fit models of nucleotide substitution for 20 mt and 1 nuclear rag1 data partitions (Table 2) were selected using the AIC in Modeltest. Details on partition length, best fit models, and associated parameters are shown in Supplementary material, Appendix 3. EDI-BLE (Massingham and Goldman 2000) was employed to calculate the expected phylogenetic information (derived from the Fisher information matrix; Edwards 1972; Atkinson and Donev 1992) given the model parameters of each data set, and the ML tree inferred from the combined data. Phylogenetic information is quantified per site. To obtain the information for each partition, the per-site information matrices were multiplied by the partition length (or alternatively, the total phylogenetic information, being the determinant of the information matrix, is multiplied by the partition length to the power of the number of branches). Total phylogenetic information is not additive between partitions, although the sitewise information matrices are when the branch lengths are common across partitions. We can also compare information between partitions that vary only in their rate of evolution (so that all branch lengths in the tree are multiplied by a constant factor s for each partition). If the information matrix for a partition with rate s is I, then an information matrix comparable between partitions can be found by multiplying by the rate (i.e., sI). Again, this is equivalent to multiplying the phylogenetic information by the rate to the power of the number of branches. To compare information between loci, the relative branch lengths for the tree were fixed at those for the full data set employed in the phylogenetic reconstruction analyses (i.e., mt ribosomal, tRNA, and protein-coding genes, and nuclear rag1 combined), as it encompasses the variation of all source genes. Phylogenetic information scores were also estimated per branch of the caecilian unrooted tree for each partition. Geuten et al. (2007) extended Goldman's (1998) method to allow calculation of changes in phylogenetic information upon addition of new hypothetical taxa 429 to a nonclock-like tree such as the caecilian phylogeny studied here. The diagonal elements of the Fisher information matrix describe the information gained about the corresponding branch assuming the lengths of all other branches are known. In that case, the information about a branch can be found by inverting the Fisher information matrix, extracting the appropriate element and then taking its reciprocal (see the "generalized D criteria" for experimental design; Atkinson and Donev 1992) .
We compared changes in information to identify branches where addition of a new taxon produces the greatest increase in phylogenetic information for the least well-supported branch of our caecilian phylogeny (see Results). We added a hypothetical new taxon separately to all 9 terminal and 5 internal branches at 12 (evenly distributed) different positions along each branch of the rooted ML tree for the combined data. Each node of the phylogeny was assigned a height equal to the mean distance to all its descendents, or 0 if it is a tip of a terminal branch. The length of an additional branch added between 2 nodes was determined by linear interpolation of their heights, hence such branches are longer the closer to the root of the tree they are added. To check the effect of this experimental regime, we also estimated phylogenetic information for the 3 most informative sister-taxon additions in terminal branches (see Results) when the newly added branch was half or twice the length of its sister.
Information calculations were performed using the EDIBLE software (Massingham and Goldman 2000) modified to incorporate the GTR model of substitution and sitewise rate variation. Statistical tests such as analysis of variance, analysis of covariance, and linear regression were conducted using STATISTICA version 6.0 (StatSoft Inc. 2001) .
RESULTS AND DISCUSSION
Caecilian Phylogeny
After exclusion of gaps, alignment ambiguities, and third-codon positions of mt protein-coding genes, the final combined alignment is 11 867 bp, of which 7221 are invariant and 2683 are parsimony informative. ML (both PAUP* [−ln L = 57, 002.416] and RAXML [−ln L = 55 619.939]) and BI (−ln L = 55 825.160 for run 1; −ln L = 55 827.310 for run 2) yielded the same inferred relationships among caecilian taxa with differences only in branch lengths and levels of support (Fig. 1) . All posterior probabilities are close to 1 (BI) and ML bootstrap support is substantial (>75-100%) for all internal branches except 1 (Fig. 1) .
The recovered tree agrees with the most recent molecular (Wilkinson et al. , 2003 San Mauro et al. 2004 Frost et al. 2006; Roelants et al. 2007 ) and morphological Nussbaum 1996, 1999; Wilkinson 1997 ) studies in supporting the sister group relationship of Ichthyophiidae and Uraeotyphlidae, and the monophyly of Teresomata (Caeciliidae + Scolecomorphidae + Typhlonectidae = Caeciliidae of Frost et al., 2006) . Within Teresomata, there is more uncertainty about inter-and intrafamilial phylogenetic relationships (Wilkinson 1997; Wilkinson et al. 2003; San Mauro et al. 2004; Frost et al. 2006; Wilkinson and Nussbaum 2006; Roelants et al. 2007 ). Our results agree with those of Roelants et al. (2007) and with more traditional classifications in recovering Scolecomorphidae as the sister group of all other teresomatan caecilians, and Caeciliidae paraphyletic with respect only to Typhlonectidae (Nussbaum 1979; Duellman and Trueb 1986; Nussbaum and Wilkinson 1989; Hedges et al. 1993; Wilkinson and Nussbaum 1996; Wilkinson 1997; Wilkinson et al. 2003 In contrast to our results, previous analyses of different data (Wilkinson et al. 2003 ; mt ribosomal genes; Frost et al. 2006 ; mt ribosomal and nuclear proteincoding and ribosomal genes) found Caeciliidae to be paraphyletic with respect to Scolecomorphidae as well as Typhlonectidae, with a Boulengerula + Herpele clade (part of Caeciliidae) recovered as the sister group of all other teresomatan caecilians. Interestingly, the only internal relationship in our ML tree that is not strongly supported is the basal split within Teresomata (Fig. 1) . We used PB and the AU test to evaluate the 3 alternative resolutions of the Scolecomorphidae, the caeciliid Boulengerula, and all other teresomatans (Table 3) . We also evaluated the subtrees of the phylogenies of Wilkinson et al. (2003) and Frost et al. (2006) that are induced by our more limited taxon sampling (Table 3) . PB rejects all constrained topologies, whereas the AU test allows rejection only of the topologies of Wilkinson et al. (2003) and Frost et al. (2006) (topologies 4 and 5 in Table 3 ).
Discrepancies between results from parametric and nonparametric likelihood-based tests are far from completely understood but may be related to different forms of null hypotheses to model misspecification and/or to uncertainty as to the appropriate selection of alternative hypotheses Strimmer and Rambaut 2001; Buckley 2002) . In light of the AU tests, we cannot rule out some uncertainty in our caecilian tree (particularly regarding the resolution of Scolecomorphus, Boulengerula, and other teresomatans). However, our resolution of these relationships receives considerable additional support from the recent molecular study of Roelants et al. (2007) and from morphological phylogenies Nussbaum 1996, 1997; Wilkinson 1997 ).
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VOL. 58 FIGURE 1. ML phylogram for 9 species of caecilian amphibians inferred from our combined mt and nuclear rag1 data (see text). Numbers above branches represent support for internal branches from ML (RAxML bootstrap proportions; upper value), and BI (posterior probabilities; lower value). Arrowhead indicates the most weakly supported internal branch. Scale bar is in substitutions/site.
Phylogenetic Information and Evolutionary Rates of Data
Partitions Total phylogenetic information about the underlying tree, that is after the information for each partition has been scaled by the relative rate to make it comparable, and evolutionary rates are plotted in Figure 2 . Both vary quite widely across the partitions. Substitution rates of partitions RAG1 and CO1 are relatively slower than those of all other mt partitions (Fig. 2 ), in agreement with previous studies that have indicated the slow evolution of nuclear rag1 (Groth and Barrowclough 1999; San Mauro et al. 2004 ) and mt cox1 (Russo et al. 1996; Zardoya and Meyer 1996; Lopez et al. 1997; San Mauro et al. 2004) , this latter one particularly at amino acid level, or after exclusion of third-codon positions, as in our study. Mueller (2006) corroborated that cox1, together with the other cytochrome oxidase genes (cox2, cox3, and cob), possesses slow evolutionary rates at amino acid level, and also noted that they also have the fastest rates of all mt genes at nucleotide level (including all codon positions), indicating a relatively higher number of (mainly synonymous) substitutions occurring at the third-codon position of these genes. The rate of evolution of third-codon positions of mt protein-coding genes (partition 3rdPOS) is over 100-fold faster compared with those of all other partitions analyzed (Fig. 2 ), which agrees with previous studies that reported the faster (Bta,(Svi,(Tna,(Gra,(San,Gse) )))))) 55,520.766 <0.001 0.505 3. (Rbi,((Igl,Uox) ,((Svi,Bta),(Tna,(Gra,(San,Gse)))))) 55,528.145 <0.001 0.114 4. (Rbi,((Igl,Uox) , (Bta,(Svi,(Tna,(San,(Gra,Gse) )))))) c 55,534.802 <0.001 0.047 5. (Rbi,((Igl,Uox) , (Bta,(Tna,(Svi,(Gse,(Gra,San) )))))) (Fig. 1) , Roelants et al. (2007) . c Wilkinson et al. (2003) . evolutionary rates of third-codon positions with respect to first and second positions (Irwin et al. 1991; Li and Graur 1991; Johnson and Sorenson 1998; Rodríguez-Trelles et al. 2002) and our finding of saturation. This extremely fast substitution rate is the main reason why we have separately considered all mt third-codon positions (combined) as a single partition for the phylogenetic information analyses of this study.
The phylogenetic information scores, on a per-site basis and after correcting for relative rate of evolution, reveal that the most informative single partitions for the given phylogeny are those for the tRNA genes (1.889 × 10 14 ), rrnS (1.740 × 10 13 ), and rrnL (2.696 × 10 12 ) (Fig. 2) . The phylogenetic performance of these genes is well known, and they (particularly ribosomal genes) have long been used to infer phylogenetic relationships of many diverse organisms spanning a wide range of divergence times (Mindell and Honeycutt 1990; Kumazawa and Nishida 1993; Cummings et al. 1995; Miya and Nishida 2000; Cummings and Meyer 2005; Mueller 2006 ). Among the protein-coding genes, nad6 (1.373 × 10 12 ) and nad2 (9.447 × 10 11 ) have the highest information scores (Fig. 2) . Nad2 had already been indicated as good or adequate molecular marker for divergences over 300 million years ago by previous studies on vertebrates (Russo et al. 1996; Zardoya and Meyer 1996; Miya and Nishida 2000; Mueller 2006 ). In contrast, nad6 has usually been recovered as a potentially poor (or medium at the most) phylogenetic marker (Zardoya and Meyer 1996; Miya and Nishida 2000; Mueller 2006 ; but see Russo et al. 1996) , with most studies indicating its high variability or rate heterogeneity as probable causes eroding phylogenetic signal. Additionally, the fact that nad6 encodes on the light strand of the mt DNA and has different base composition biases (Reyes et al. 1998 ) has led to this gene being routinely excluded from most phylogenetic studies using complete mt genome sequences. One of the main reasons why some of our results on mt protein-coding genes are different from those of previous studies (apart from obvious differences in employed taxa) may be related with the fact that, in our study, mt protein-coding genes are examined to the exclusion of third-codon positions (which are combined and analyzed altogether as a single partition), thus likely reducing the phylogenetic noise associated with multiple substitutions at a given position. In fact, the per-site phylogenetic information score of third-codon positions of mt protein-coding genes (6.751 × 10 5 ) is among the lowest of all partitions analysed (Fig. 2) , and this is probably related to their relatively fast rate of evolution (see above) and the age of caecilian diversification (over 200 million years for the oldest splits; San Mauro et al. 2005; Roelants et al. 2007 ; see Fig. 3 ). The partition with the lowest information score is that for nad4L (1.453 × 10 4 ), in full agreement with most previous studies (Russo et al. 1996; Zardoya and Meyer 1996; Miya and Nishida 2000; Mueller 2006 ) that have indicated the low phylogenetic performance of this gene.
From the first study, much of caecilian molecular phylogenetics has focused on exclusive or majority use of mt rrnS (12S) and rrnL (16S) fragments with variable success at different levels of divergence (Hedges et al. 1993; Gower et al. 2002 Gower et al. , 2005 Wilkinson et al. 2002 Wilkinson et al. , 2003 . Our results show that alignments made from sequences of these entire genes are among the best partitions for resolving relationships among the major lineages of caecilians included here but, because the results are context 433 specific, they do not allow conclusions as to their relative utility in resolving more recent divergences. Figure 3 shows information scores estimated per branch of the unrooted caecilian tree plotted against Roelants et al.'s (2007) ultrametric timetree. In general, information scores of all partitions are lower in terminal than in internal branches, particularly those spanning a time depth of 75-196 million years. As for the partition totals (Fig. 2) , the most informative partition in all branches is that for the tRNA genes (Fig. 3) . The rank order of partition information is not constant across branches, and the relative performance of slow-evolving rag1 and fast-evolving mt third-codon positions changes more markedly between internal and terminal branches (rag1 performing better in internal branches, mt third-codon positions performing better in terminal branches; Fig. 3 ). We conducted a factorial (2-way) analysis of variance to assess variations in log-transformed phylogenetic information between terminal and internal branches (main effect "branch type"), and between slow-evolving rag1, fast-evolving mt third-codon positions, and all other partitions (main effect "gene rate"). Both main effects are highly significant (F 1,264 = 26.146 for "branch type"; F 2,264 = 15.986 for "gene rate"; P < 0.001 in both cases), indicating that information scores are significantly higher in internal than in terminal branches, and that, in general, fast-and slow-evolving partitions perform better than all other partitions (taken together), although apparently in different parts of the tree (mt third-codon positions perform better in terminal branches). The interaction of the 2 main effects was not significant (F 2,264 = 0.723 ; P = 0.486). The reason why terminal branches have in general or for the most part less information is elusive, but likely related to the fact that the information estimated is really about branch lengths and these are less constrained for the terminal than for the internal branches.
Phylogenetic Information Per Branch
Combining Information of Mt Data Partitions: Assessing
Mitogenomic Information Overall phylogenetic information for the complete mt genome can be determined from the information matrices of the partitions. Although the phylogenetic information, being the determinant of the information matrix, is not additive, the information matrices can simply be added together and then the determinant taken. For partitions with different relative rates, the information matrices first have to be made comparable, as described above, before being summed. The alternative of estimating phylogenetic information from the concatenation of the partitions is expected to be potentially misleading because of the averaging of substitution model parameters for the concatenated data. To explore this, phylogenetic information was estimated directly from concatenated data sets (PROTS-NO3, PROTS-ALL, and mtGENOME-NO3; Table 2 ) and compared with the combined phylogenetic information scores for the component partitions. The results show that there is a notable variation in information scores between those data sets averaging phylogenetic information and those adding up information (Fig. 4) . For example, phylogenetic information for PROTS-ALL (1.073 × 10 72 ) is higher than the combined phylogenetic information for PROTS-NO3 plus 3rdPOS (1.095 × 10 70 ) despite being based on the same set of sequence characters. Similarly, phylogenetic information of mtGENOME-NO3 (9.506 × 10 71 ) is more than the combined information scores of all single mt partitions excluding third-codon positions (2.241 × 10 71 ). Our results demonstrate the substantial impact that concatenation and consequent substitution model misspecification can have for estimates of phylogenetic information: all these results show that misspecification leads to overestimating how informative the data are and so false confidence in the topology. In general, it is better to combine information scores estimated separately for partitions with differing best fit models of sequence evolution than to estimate scores from concatenated data. This raises the possibility that further subdivision of our partitions (e.g., first and second codon postions and stem and loop regions of ribosomal genes) would alter our assessments of phylogenetic information.
Experimental Design and Caecilian Systematics
As indicated above, a point of disagreement among recent molecular studies (Wilkinson et al. 2003; Frost et al. 2006; Roelants et al. 2007 ) and the greatest uncertainty in our caecilian phylogeny (both from ML bootstrap scores and AU tests of alternative topologies) involves the relationships among Scolecomorphus, Boulengerula, and other teresomatans ( Fig. 1 and Table 3 ).
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We calculated the Fisher information of the branch separating Scolecomorphus and Boulengerula to identify positions in our caecilian tree at which a hypothetical taxon can be added so as to best increase phylogenetic information for the branch resolving these relationships. The increase in phylogenetic information is strongly inversely correlated (R 2 > 0.980; F 1,10 > 489.634; P < 0.001 in all cases) with the distance between the controversial branch and the position at which the hypothetical taxon is added (Fig. 5) .
We used analysis of covariance (distance as covariate) to assess variation in the log-transformed increase of phylogenetic information and planned comparisons to examine contrasts between adding the hypothetical taxon to specific branches. The greatest increase in phylogenetic information (significantly higher than those in all other branches; F 1,153 = 639.285; P < 0.001) occurs when the hypothetical taxon joins internal branch 1 neighboring the controversial internal branch (phylogenetic information going higher than 3.2 × 10 5 ) (Fig. 5b) . Unfortunately, it seems unlikely that known extant caecilian diversity includes any lineage that would join branch 1. We consider it likely that most, if not all, other extant caecilians would join our tree individually on the terminal branches. Of the terminal branches, significant increases in information (F 1,153 =172.809; P < 0.001) occur with the addition of the hypothetical taxon to the Scolecomorphus branch (also going higher than 3.2×10 5 ), followed by the Boulengerula and Rhinatrema branches (Fig. 5b) . When the hypothetical taxon is added to any other terminal branch, the increase in phylogenetic information is not FIGURE 5. Changes in phylogenetic information for the most weakly supported internal branch of our caecilian tree (see Fig. 1 ) when a new, hypothetical taxon is added to different parts of the tree. a) Our ML caecilian phylogeny, indicating the most weakly supported internal branch (arrowhead). Scale bar is in substitutions/site. b) Increase in phylogenetic information of most weakly supported internal branch plotted against the distance from that branch at which the hypothetical taxon has been added. Terminal branches are labeled with the name of the taxon at the tip of the branch; other internal branches are labeled following branch numbers in (a). Vertical dashed lines denote the boundaries of the controversial branch. Horizontal gray line indicates the increase in phylogenetic information of the most weakly supported internal branch without increasing taxon sampling but instead increasing character sampling by 1300 bp (sequence data of the same nature as already sequenced) for each of the 9 original taxa. c) Phylogenetic information for the 3 most informative terminal branch additions of a new hypothetical taxon when the length of the branch joining the new taxon is variably: equal to the mean of the adjacent branch (×1), half that length (×0.5), and twice that length (×2). X-axis in (b) and (c) are absolute values (substitutions/site) corresponding to branch lengths as given in scale in (a). Bta, Boulengerula taitanus; Gra, Gegeneophis ramaswamii; Gse, Geotrypetes seraphini; Igl, Ichthyophis glutinosus; Rbi, Rhinatrema bivittatum; San, Siphonops annulatus; Svi, Scolecomorphus vittatus; Tna, Typhlonectes natans; Uox, Uraeotyphlus cf. oxyurus. significant. The increase in phylogenetic information is inversely related to the branch length of the hypothetical taxon (Fig. 5c) . The horizontal gray line in Figure 5b indicates the expected increase in phylogenetic information of the controversial branch obtained by adding 1300 bp of sequence data (of the same kind-mitogenomic + rag1) for each of the 9 included taxa (without any additional hypothetical taxa), simulating the effect of sequencing an additional, hypothetical gene for each of our current taxa. Sequencing 1300 bp for 9 taxa represents approximately the same amount of total sequencing effort (in terms of total bp sequenced) as sequencing our final combined data (11 867 bp) for a single additional taxon. This gives quantitative insight into the relative merits of sampling more characters versus more taxa.
These results combined with background knowledge of caecilian diversity and phylogeny provide guidance for future sampling to provide compelling resolution of the relationships of Scolecomorphus, Boulengerula, and other teresomatans, and the potential paraphyly of the Caecillidae with respect to the Scolecomorphidae. Caecilians with the greatest chance of increasing phylogenetic accuracy in this part of our tree are any of those that would join the 1) Scolecomorphus, 2) Boulengerula, and, less intuitively, 3) Rhinatrema branches. Addition of a single taxon to any other terminal branch is predicted to result in a much smaller increase in phylogenetic information. According to recent studies (Frost et al. 2006; Wilkinson and Nussbaum 2006; Roelants et al. 2007) , extant caecilians that would join our tree at these 3 most promising terminal branches are 1) the 2 unsampled species of Scolecomorphus and the 3 species of Crotaphatrema, 2) the 6 unsampled species of Boulengerula and 2 species of Herpele, and 3) the 8 species of Epicrionops. At least some of these (Crotaphatrema, Herpele and Boulengerula boulengeri, Epicrionops) appear to join the terminal branches of our phylogeny proximal to the controversial branch (Gower et al. 2002; Wilkinson et al. 2003; Frost et al. 2006; Loader et al. 2007 ) offering additional hope that a compelling resolution of this controversy is attainable using rag1 and complete mt genomes or a suite of the most informative genes.
Given limited resources, generating whole mitogenomic and rag1 data for 1 or more of the identified priority additional taxa joining the Scolecomorphus branch may be a better (more efficient) strategy than sequencing a similar amount of additional nucleotides spread across the current taxon sampling. Moreover, obtaining whole mitogenomic data provide information, such as gene order, that may provide additional evidence of phylogenetic relationships (Rokas and Holland 2000; San Mauro et al. 2006) .
Concluding Remarks
Goldman's (1998) method offers a powerful tool for experimental design in molecular phylogenetics that has yet to receive much attention. Data for caecilian amphibians illustrate how this method can be used to provide quantitative comparisons of the phylogenetic information content of different genes or other data partitions across an entire tree or per branch. This comparison can be used to identify the most informative markers for the phylogenetic question at hand and to predict the impact of additional data in the form of new characters and/or taxa. The latter offers a coherent framework for determining whether it is most efficient to add more characters or more taxa or a combination of both. Although cheap, high-throughput sequencing might make careful choice of molecular markers less important in future, the design of polymerase chain reaction (PCR) primers and optimization of PCR conditions will remain a rate-limiting step in many molecular systematic studies, so there will still be a significant cost to adding markers. Providing additional taxa will be dependent on the availability of tissue samples for the organisms, which often involves directed and timeconsuming fieldwork, so taxon choice will certainly remain an important problem.
Most of our results regarding the informativeness of different markers confirm insights from previous studies, such as the utility of mt ribosomal and transfer RNA genes and the poor performance of nad4L for inferring deeper divergences (Mindell and Honeycutt 1990; Kumazawa and Nishida 1993; Cummings et al. 1995; Zardoya and Meyer 1996; Groth and Barrowclough 1999; Miya and Nishida 2000; Cummings and Meyer 2005; Mueller 2006 ). Importantly, Goldman's method takes into account the specific phylogenetic context when assessing the informativeness of different markers.
Our results are also consistent with the widely held intuition regarding the greater informativeness of additional taxa that have short branches, and that join the tree closer to controversial internal branches (Goldman 1998; Geuten et al. 2007) . We find the quantitative support provided by Goldman's method for these intuitions to be reassuring, and the potential for less intuitive insights to be exciting.
Although not comprehensive (e.g., we did not consider additions of multiple hypothetical taxa), our investigations of sampling in caecilian molecular phylogenetics are highly illustrative. Further assessment of Goldman's method should benefit from empirical tests of the specific predictions we have made. It is important to always bear in mind that the results produced by Goldman's method are context specific, but it might be the case that our results are more broadly extendable to other phylogenetic questions concerning similarly deep divergences. 
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